Endocrine resistance and metastatic progression are primary causes of treatment failure in breast cancer. While mitogen activated protein kinases (MAPKs) are known to promote ligand-independent cell growth, the role of the MEK5-ERK5 pathway in the progression of clinical breast carcinoma remains poorly understood. Here, we demonstrated increased ERK5 activation in 30 of 39 (76.9%) clinical tumor samples, as well as across breast cancer cell systems. Overexpression of MEK5 in MCF-7 cells promoted both hormone-dependent and hormone-independent tumorigenesis in vitro and in vivo and conferred endocrine therapy resistance to previously sensitive breast cancer cells. Expression of MEK5 suppressed estrogen receptor (ER)a, but not ER-b protein levels, and abrogated downstream estrogen response element (ERE) transcriptional activity and ER-mediated gene transcription. Global gene expression changes associated with upregulation of MEK5 included increased activation of ER-a independent growth signaling pathways and promotion of epithelial-to-mesenchymal transition (EMT) markers. Taken together, our findings show that the MEK5-ERK5 pathway mediates progression to an ER(2), mesenchymal and endocrine therapy resistant phenotype. Given the need for new clinical therapeutic targets, our results demonstrate the therapeutic potential of targeting the MEK5-ERK5 pathway in breast cancer.
Introduction
Despite recent advances in endocrine therapy and the development of new agents, resistance remains a major obstacle in the treatment of breast cancer. The progression of cancer cells to a resistant phenotype is generally characterized by the acquisition of cellular or molecular changes that alter the response to therapeutic agents. Both acquired and de novo resistance occurs through enhanced cellular signaling cascades that circumvent estrogen receptor (ER)-dependent proliferation [1] . Resistance is primarily characterized by progression of ER-a(+) cancers to an ER-a(2) phenotype or the acquisition of secondary signaling networks that bypass the requirement for ER-a activity [2] . The loss of ER-a function and expression results in resistance to both primary and secondary endocrine therapeutics, creating a significant deficit of available treatment options. The development of hormone-independence and transition to a mesenchymal phenotype are hallmarks in the progression to endocrine resistance and metastasis [3, 4] . A better understanding of the mechanisms involved in the progression to endocrine resistance is critical for developing new targeted breast cancer therapies.
There is mounting evidence in the literature concerning the role of mitogen activated protein kinases (MAPKs) in cancer development and response to therapeutics. Several reports have demonstrated MAPKs regulate cancer cell survival, anti-apoptotic signaling, angiogenesis, proliferation, and hormone-independence [5, 6, 7, 8, 9, 10, 11] . However, the majority of these studies have focused on the ERK1/2, JNK and p38 families. The MEK5-ERK5 pathway remains the least studied of the MAPK family members. A number of studies have demonstrated overexpression or activation of the MEK5-ERK5 pathway in glioblastoma, leukemia, lymphoma, medulloblastoma, and prostate cancer [12, 13, 14] . While some reports have suggested a role for the MEK5-ERK5 pathway in cancer oncogenesis this pathway's role in breast cancer cells has not been fully explored. MEK5 has been demonstrated to be overexpressed in 50% of breast tumors and a correlation has been found between tumor overexpression of MEK5 and increased activation of STAT3, which is associated with proliferation and metastasis [15, 18] . Additionally, ERK5 has been demonstrated to be overexpressed in 20% of patients and increased expression of ERK5 in breast tumor samples correlated with earlier relapse [16] . These data support recent findings from our laboratory reporting MEK5 overexpression in ER-a (2) breast cancer cells promotes breast cancer therapeutic resistance [17] .
Both MEK5 and ERK5 are structurally and functionally distinct from other MAPKs [19, 20, 21] . MEK5 has a novel docking site on the N-terminus containing a different consensus motif than other MEKs [22] . Furthermore, ERK5 contains a larger C-terminus than other MAPKs, which regulates activation, auto-phosphorylation, nuclear transport and subcellular localization of the kinase [23, 24] . It has been speculated that the larger Cterminus of ERK5 may allow for specific targeting by inhibitors without affecting other kinases in the pathway. ERK5 also contains a transcriptional activation domain, suggesting that the enzyme may exert direct kinase activity or induction of gene expression, unlike other ERK kinases [25] . Once in the nucleus, ERK5 can activate several transcription factors including Sap1, c-FOS, c-MYC, and MEF2 [26] . We, along with others, have also demonstrated a role for ERK5 in activation of NF-kB and AP1 mediated gene transcription [27, 28] . However, to date the mechanisms of MEK-ERK5 signaling and its effects on global gene transcription are not wholly understood.
The purpose of this study is to elucidate the role of MEK-ERK5 signaling in the progression of breast cancer. Recent studies have demonstrated a correlation between ER-a expression, ERK1/2 signaling, and hormone independence [8, 9, 10, 11] . Yet, the role of MEK5 signaling in the regulation of ER-a expression and progression to hormone independence is unclear. Defining the mechanisms of MEK5-ERK5 signaling in the regulation of ER-a expression and EMT will significantly impact our understanding of tumor progression and clinical drug resistance. A better understanding of MEK5-ERK5 and subsequent downstream signaling may lead to new therapeutic targets in the treatment of endocrine resistant breast cancer.
Materials and Methods

Ethics Statement
All procedures involving animals were conducted in compliance with State and Federal laws, standards of the U.S. Department of Health and Human Services, and guidelines established by the Tulane University Animal Care and Use Committee. The facilities and laboratory animal program of Tulane University are accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care. The Tulane institutional review board approved the use of animals and human tissues in this study. The Tulane institutional review board approved the use of human tissue samples and written informed consent for the original human work that produced the tissue samples.
Patient Samples Staining and Analysis
Breast slides (T-BO-1) were obtained from the tissue array research program (TARP) (National Cancer Institute and National Human Genome Research Institute). Thirty-nine infiltrating breast carcinomas were represented in the array. Immuno-staining for phospho-ERK5 was performed in house and the results were examined using an immuno-histochemical (IHC) histologic score (H-score) incorporating intensity and distribution of staining. The H-score is described by: HS 1/4 (p*i)/100, where p denotes the percentage of stained cells and i denotes the intensity of the staining [29] . The H-score scale was 0-3. Staining scale: 0, none; 1, weak; 2, moderate; and 3, strong. Scoring was performed blinded by trained pathologists [30] . A tumor was scored as 0 if there were no appreciable staining in tumor cells compared with stromal elements, as 1 if there were barely detectable staining in cytoplasm and/or nucleus compared with stromal elements, as 2 if there were readily appreciable brown staining distinctly marking tumor cell cytoplasm and/or nucleus, and as 3 if there was dark brown staining in tumor cells completely obscuring cytoplasm and/or nucleus.
Immunohistochemistry of Xenograft Tissue
Immuno-staining was performed as previously described [31, 32] . Briefly, slides from tumors were deparaffinized and rehydrated. For antigen retrieval sections were heated for 25 minutes at 95uC in the presence of Rodent decloaker. Samples were then allowed to cool for 20 minutes at room temperature. Slides were then blocked in rodent block for 30 minutes and then with primary PgR and ER-a antibodies for one hour. Mouse-onmouse HRP-polymer secondary antibody was added to the sections for 15 minutes at room temperature. Subsequently, slides were incubated in DAB for one minute and then counterstained for 30 seconds. A Leica DM IRB Inverted Research microscope and SPOT RT color camera were used to view slides; original magnification at 4006. For staining quantification numbers of positively stained cells were represented as percentage of total number of cells per field of view.
Cells and Reagents
MCF-7N cell variant (subclone of MCF-7 human breast adenocarcinoma line from American Type Culture Collection (ATCC)) was generously provided by Louise Nutter (University of Minnesota, Minneapolis, MN) in 1996 [33] . The MCF-7-MEK5 cells (MCF-7 cells stably overexpressing MEK5) were generated as previously described [34] . The breast cancer cell lines MDA-MB-231, MDA-MB-361 (ER-a (2)), ZR75,T47D, andSKBR3 were acquired from ATCC in 2004. Liquid nitrogen stocks were made upon receipt and maintained until the start of each study. Estrogen response element-luciferase and/or qPCR for ER and progesterone receptor (PgR) were used to confirm cell lines sustained estrogen responsiveness. Morphology and doubling times were also recorded regularly to ensure maintenance of phenotype. Cells were used for no more than 6 months after being thawed. Cells were cultured as previously described [35] . ICI 182,780 was purchased from Tocris Bioscience (Ellisville, MO). Dimethylsulfoxide (DMSO) and 17b-estradiol (E2, estrogen) were purchased from Fisher Scientific (Waltham, MA). 4-Hydroxytamoxifen (tamoxifen, OHT) was purchased from Sigma-Aldrich (St. Louis, MO). Dosing for these reagents was E2 (1 nM), tamoxifen (100 nM) and ICI 182, 780 (100 nM) unless otherwise indicated.
Western Blot Analysis
Western blot analyses were conducted as published [35] . Cells were maintained in 10% FBS DMEM for 24 hours prior to harvesting for protein extraction. Membranes were probed with primary antibodies according to manufacturer's protocol. Antibodies: ER-b, APc, and b-actin were purchased from Cell Signaling (Danvers, MA) (dilution 1:1000) and total ER-a, ERK5, and GAPDH were purchased from Santa Cruz Biotechnology (Dallas, Texas) (dilution 1:250). IR-tagged secondary antibodies were purchased from LiCor Biosciences (Lincoln, Nebraska). Blots were analyzed by the Odyssey Infrared Imaging System (LiCor Biosciences). Experiments were conducted in triplicate with representative blots shown.
Animal Studies
Xenograft tumor studies were conducted as previously described [32, 35] . Immune-compromised female ovariectomized mice (29-32 days old) were obtained from Charles River Laboratories (Wilmington, MA). The animals were allowed a period of adaptation in a sterile and pathogen-free environment with food and water ad libitum. When stated, placebo or E2 pellets (0.72 mg, 60-day release; Innovative Research of America, Sarasota, FL) were implanted subcutaneously in the lateral area of the neck in the middle point between the ear and shoulder using a precision trochar (10 gauge). MCF-7-vector, MCF-7-MEK5, MCF-7-MEK5-(empty shRNA), MCF-7-MEK5-(ERK5 shRNA) cells were harvested and viable cells mixed with Matrigel Reduced Factors (BD Biosciences, San Jose, CA). Injections (5610 6 cells/injection) were made bilaterally into the mammary fat pad. All the procedures in animals were carried out under anesthesia using a mix of isoflurane and oxygen delivered by mask. Tumor size was measured every 2 days using a digital caliper. The volume of the tumor was calculated using the following formula: 4/3pLM 2 , where L is the larger radius and M is the smaller radius. At necropsy animals were euthanized by cervical dislocation after CO 2 exposure. Tumors were removed and either frozen in liquid nitrogen or fixed in 10% formalin for further analysis.
Microarray Data Analysis and Validation
MCF-7-vector and MCF-7-MEK5 cell lines were grown in DMEM supplemented with 10% fetal bovine serum (FBS) (10% DMEM) for 24 hours prior to extraction for microarray analysis.
Microarray analysis was performed according to previously published protocols [36] . The hybridized Human Genome U133A 2.0 Array was scanned and analyzed using the Affymetrix Microarray Analysis Suite version 5.0. The average density of hybridization signals from four independent samples was used for data analysis and genes with signal density ,300 pixels were omitted from the data analysis. P-values were calculated with twosided t-tests with unequal variance assumptions, and a p-value of ,0.001 was considered to be significant. The fold-change was described as a positive value when the expression level was increased and a negative value when the expression level was reduced. False discovery rate (FDR) was set at 0.1 in the data analysis. To confirm the gene expression data from microarray analysis, quantitative PCR was used to examine the mRNA levels of a subset of genes. The quantitative PCR results showed a high degree of correlation to the microarray data.
RNA Isolation and Quantitative Real-Time PCR
RNA Isolation and qRT-PCR was performed as previously described [36] . Briefly, RNA was isolated from cultured cells using RNeasy kit as per manufacture's protocol (Qiagen, Germantown, MD) and evaluated spectrophotometrically by absorbance (260, 280 nm). 1 mg total RNA was reverse-transcribed (iScript kit; BioRad, Hercules, CA) as previously published [36] . Primer sequences are available in Supplementary Materials and Methods. Data analyses compare relative target expression to b-actin control and relative gene expression was analyzed using the 2 DDCt method (24). Treatments and time points are specified in the figure legends. Experiments were conducted in triplicate. 
Estrogen Response Element (ERE)-Luciferase Assay
As previously described [32] , the cells were seeded in 24-well plates at a density of 50,000 cells per well in 5% charcoal/dextran treated FBS DMEM and allowed to attach overnight. After 18 h, cells were transfected with 300 ng pGL2-ERE2X-TK-luciferase plasmid, using 6 ml Effectene (Qiagen) per microgram of DNA. After 5 hours, cells were treated with vehicle or E2 and incubated at 37uC. After 18 hours, the medium was removed, and 100 ml lysis buffer was added per well and then incubated for 15 min at room temperature. Luciferase activity for the cell extracts was determined using luciferase substrate (Promega Corp., Madison, WI) in an Autoluminat Plus luminometer (Berthhold Technologies, Bad Wildbad, Germany).
Cell Viability Assay
Viability assays were performed as previously described [32] . Briefly, cells were plated at a density of 7,500 cells per well in a 96-well plate in phenol-free DMEM supplemented with 5% charcoal/dextran treated FBS (5% CS-DMEM) and allowed to attach overnight. Cells were then treated with ICI 182,780 or tamoxifen for 24 hours. After treatment, 20 ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5 mg/ml) reagent was incubated in each well for 4 hours. Cells were lysed with 20% sodium dodecyl sulfate (SDS) in 50% dimethylformamide. The pH and absorbance values were read on an EL6808 Microtek plate reader (Bio-Tek Instruments, Winooski, VT) at 550 nm, with a reference wave-length of 630 nm.
Clonogenic Survival Assay
Colony assays were performed as described in previously published methods [37] . Cells were serum starved for 24 hours prior to being plated in 6-well plates at a density of 1,000 cells per well in 5% CS-DMEM. 24 hours later cells were treated with indicated concentrations of vehicle, ICI 182,780, or tamoxifen and then monitored for colony growth. Ten days later the cells were fixed with 3% glutaraldehyde for 15 minutes. Following fixation, the plates were washed and stained with a 0.4% solution of crystal violet in 20% methanol for 30 minutes, washed with PBS, and dried. Colonies of $50 cells were counted as positive. Results were normalized to DMSO (vehicle) treated cells.
RNA Interference
shRNA transfections were performed using Fugene6 as previously described [38] . ERK5-specific shRNA (SureSilencing shRNA) and control shRNA vector plasmids have been previously described [34] . MCF-7-MEK5 cells were grown in a 100 mm dish. Following transfection cells were treated with 300 ng/ml puromycin. Cells were grown in 10% FBS DMEM and treated with 300 ng/ul puromycin every two days for 2 weeks. Colonies were pooled and verification of ERK5 suppression was confirmed using RT-PCR and western blot. Stable pools were maintained in 10% FBS DMEM as described above.
Reverse transcriptase PCR
RT-PCR was performed as previously described [36] . RNA was isolated from cultured cells using RNeasy (Qiagen) and evaluated spectrophotometrically by absorbance (260, 280 nm). Two micrograms of cDNA was transcribed with SuperScript III (Invitrogen, Grand Island, NY) and mRNA was amplified. Primers were used at 20 nmol/L final concentration. Primer sequences are available upon request.
Transient Transfection of AP2c
MCF-7-MEK5 cells were plated at 1610 6 cells per dish and allowed to adhere over night in 10% FBS DMEM. 5 ug of pCDNA-vector or AP2c (Origene, Rockville, MD) were transiently transfected into each cell line using Lipofectamine (Invitrogen). Cells were then harvested for qPCR for validation of AP2c and ER-a levels.
Statistical Analysis
Studies involving more than 2 groups were analyzed by 1-way ANOVA with Tukey's post-test; all others were subjected to unpaired Student's t-test (GraphPad Prism V.4) as previously described [36, 39, 40] . For pathway analysis, data processing and statistics were carried out as we have described [41] . Using Bioconductor, present (P), absent (A) or marginal (M) calls were determined using an MAS5 algorithm. Fraction presence, defined as the average present/absent (P/A) detection call (scores were given as P = 1, M = 0.5 and A = 0) for the groups, was calculated for each microarray probe, and probes with at least one group having a fraction presence of 0.5 were selected. Welch's t-test was performed for each probe using their log-transformed signals, with p-values less than 0.01 considered significant. To further support the statistical significance of probes having p,0.01, the FDR was also calculated with probe significance defined as an FDR of less than 5%. A moderately stringent fold-change cutoff of $2.0 (or #22.0 for down-regulation), which allows for an acceptable balance between false discovery and false-negative rates was applied (in addition to the p-value cutoffs of p,0.001) to determine genes with significant expression alterations.
Results
ERK5 Activation in Clinical Breast Carcinoma and Breast Cancer Cell Lines
While total MEK5 and ERK5 protein expressions in patients has been reported at 50% and 20% respectively, the prevalence of phospho-ERK5 in clinical breast cancer has not yet been investigated by immuno-histochemistry. Therefore, we first determined the relevance of ERK5 activation in clinical breast tumors. To obtain clinical correlation, tissue arrays of 39 unidentified patient samples were analyzed for phospho-state specific antibodies to the Thr218/Tyr220 activation site of ERK5. The array slides were then scored by a pathologist by assessing the intensity of tumor cell staining relative to stromal elements in the same spot. Results demonstrate expression of phospho-ERK5 in 30 of 39 (76.9%) of infiltrating breast cancer biopsy samples (Fig. 1A) . Similar ERK5 activation profiles were also found in invasive ovarian cancer tissue arrays using the same scoring system (Fig. S1 ). These results suggest that ERK5 pathway is a clinically relevant cancer signaling pathway. We next determined if well established breast cancer cell lines also exhibited activation of ERK5. Phosphorylated ERK5 levels at the Thr218/Tyr220 activation site were examined by Western blot analysis in human breast cancer cell lines with varying degrees of ER-a expression. The MCF-7 cells, T47D and ZR-75 cells are models of ER-a (+) breast carcinoma whereas SKBR3 and MDA-MB-231 cells are well-established ER-a (2) breast cancer models. Variants of MDA-MB-361 exist, and here we use MDA-MB-361 cells that are ER-a (2) [42] . Analysis revealed increased phospho-ERK5 protein levels in the ER-a (2) SKBR3, MDA-MB-231 and MDA-MB-361 cell lines (Fig. 1B) . These results were in stark contrast to the ER-a (+) cell lines MCF-7, T47D and ZR-75, which displayed markedly low phopho-ERK5 levels, demonstrating an inverse correlation between phospho-ERK5 protein expression and ERa levels.
Our laboratory recently generated a stable constitutively active MEK5 overexpressing cell line (MCF-7-MEK5) from parental ER-a (+) MCF-7 cells [34] . We utilized this cell model to examine the effect of MEK5 signaling on breast cancer tumor growth. Using a NOD/SCID murine model of in vivo tumorigenesis, tumor formation of MCF-7-MEK5 overexpressed xenografts was compared to MCF-7-vector cells in the presence of estrogen. Results demonstrate earlier tumor initiation in the MEK5 expressing cells (p,0.05) and greater tumor growth (p,0.05) compared to MCF-7-vector tumors (Fig. 1C) . 
Global Gene Expression Profiles Associated with MEK5 Overexpression
We next sought to investigate the mechanism of the observed MEK5 mediated tumorigenesis. Global gene expression profiling was performed on MCF-7-MEK5 cells and compared to MCF-7-vector cells (Fig. 2) . The above analysis identified 3404 significantly altered genes: 1883 up-regulated and 1521 downregulated transcripts. Although the altered genetic profile in MEK5 overexpression was diverse, it could be organized into functional signaling categories using the Kyoto Encyclopedia of Genes and Genomes database and Gene Ontology algorithms. Analysis revealed several pathways significantly altered in the MCF-7-MEK5 overexpressing cells. Interestingly, some of these pathways are known to regulate cancer signaling in other tumor types, including leukemia, lymphoma, melanoma, and prostate (Table 1) . These results suggest that the MEK5 pathway is a relevant signaling pathway in various cancers in addition to breast.
The microarray findings were then analyzed to determine the effect of MEK5 activity on breast cancer signaling pathways (Table 2, Table S1 ). Analysis revealed that MEK5 expression was associated with alterations in signaling pathways involved in oncogenesis and survival, including p53, cell cycle, apoptosis, and gene transcription signaling (Table S1 ). The changes in gene transcription included those genes known to be mediated by MEK5, including the CREB, MEF, and the AP1 family of transcription factors. Further analysis revealed altered genomic transcription of ER-a independent growth signaling pathways. We found significant changes in gene transcription in the ER, EMT, PI3K/AKT, MAPK, TGF-b and FGF-FGFR signaling pathways ( Table 2, Table S1 ). Alterations in these pathways were consistent with increased tumor growth in MEK5 cells compared to vector.
MEK5 Expression Is Associated With EpithelialMesenchymal Transition (EMT) Markers
As the analysis above strongly indicated an increase in EMTassociated genes in MEK5 cells, we further examined the microarray data for differences in the expression levels of 168 genes known to promote EMT in breast cancer. The results were similar to the clustering result using the whole mRNA profiles (Fig. S2) . The EMT gene expression profile was markedly altered in MCF-7-MEK5 compared to MCF-7-vector cells (Table S2 ). The EMT gene expression changes in the MEK5 cells are more consistent with a mesenchymal rather than epithelial phenotype. This included loss of E-cadherin and an up-regulation of vimentin, N-cadherin and FGF9 in the MEK5 cells. Consistent with our previously published findings, we observed an up-regulation of ZEB1, ZEB2 and SNAI2 in the MEK5 cells [34] . Other known EMT regulating factors that were increased included Goosecoid, LEF-1 and MMP2. There were no differences in FOXC2 or SNAI1 between the MCF-7-vector and MCF-7-MEK5 cells, but differential expression of Twist was observed. Interestingly, there were also significant changes in the TNF pathway (Table S3) . These results are also consistent with our previous findings of MEK5 induced progression to a mesenchymal phenotype [34] .
MEK5 Expression Alters Estrogen Receptor Signaling and Promotes Endocrine Therapy Resistance
EMT has been associated with the loss of ER-a expression [43, 44] . Given the enhanced EMT-associated changes found in our array data and our findings of an inverse correlation between ERK5 activation and ER-a expression (Fig. 1B) , we further investigated the ER-a signaling changes associated with MEK5 overexpression. To investigate ER-a genomic activity, clustering analysis was performed on 89 known ER-a mediated genes from our microarray data. Results of this analysis were similar to clustering using the whole mRNA profiles (Fig. S3) . MCF-7-MEK5 expressing cells displayed a marked decrease in ER-a gene expression, as well as downstream ER-a regulated gene expression, compared to MCF-7-vector cells (Table S4 ). This was accompanied by loss of the critical ER-a cofactors NCOA3 and GATA3 and suppression of classic estrogen responsive genes, including PgRSDF-1/CXCL12, GREB1, and prolactin receptor (PRLR) ( Table 2 and Table S4 ).
The above findings of decreased ER-a expression were confirmed using qRT-PCR analysis of select genes in the ER signaling pathway. We found significantly decreased ER-a mRNA expression in MEK5 cells compared to vector cells (Fig. 3A) . Down-regulation of ER-a in these cells was confirmed using analysis of estrogen response element (ERE) luciferase. MCF-7-MEK5 cells exhibited a diminished estrogen induced ERE transcriptional activity compared to vector cells both at the basal level and following stimulation with E2 (Fig. 3B) . To further validate these findings, we determined whether the differential ER-a signaling in MEK5 cells translated to changes in estrogeninduced gene expression. Consistent with the loss of ER-a expression, the MCF-7-MEK5 cells displayed a loss of estrogenstimulated mRNA expression of PgR, SDF-1, c-Myc, and Cathepsin-D compared to MCF-7-vector cells (Fig. 3C) .
The loss of ER-a expression in MCF-7-MEK5 expressing cells parallels observations in clinical breast carcinoma progression to therapeutic resistance [2] . Given the above inverse correlation of phopho-ERK5 activation and decreased ER-a expression in breast cancer cell lines (Fig. 1B) we set out to determine if MEK5-ERK5 signaling could play a role in the progression to endocrine therapy resistance. MCF-7-MEK5 and MCF-7-vector cells were treated with the clinical endocrine therapeutics fulvestrant (ICI 182,780) and tamoxifen and analyzed for cell viability. As seen in Fig. 3D , MTT analysis demonstrates MEK5 overexpression led to an endocrine therapy resistant phenotype, with MCF-7-MEK5 cells exhibiting increased resistance to both ICI 182,780 and tamoxifen compared to MCF-7-vector. MEK5-induced endocrine resistance was confirmed using long-term colony formation assays. Expression of MEK5 increased clonogenic survival following treatment with endocrine therapy (Fig. 3E) . Taken together, these results confirmed our microarray findings that MEK5 expression was associated with loss of ER-a activity and suggest progression towards endocrine resistance. 
MEK5-ERK5 Signaling Promotes Progression to an ERNegative and Hormone Independent Phenotype In Vivo
The above findings of decreased ER-a signaling (Fig. 3) and increased ER-a independent growth signaling (Table S2) were indicative of a hormone independent phenotype in the MCF-7-MEK5 cell line. Therefore, we next sought to confirm this finding of MCF-7-MEK5 hormone-independence in xenograft animal models. MCF-7-vector and MCF-7-MEK5 cells were implanted into the mammary fat pat of Nu/Nu mice in the absence of estrogen and monitored for tumor formation. MEK5 overexpressing cells were capable of tumor formation while MCF-7-vector cells were unable to form tumors without estrogen as far out as 50 days (Fig. 4A ). This lack of MCF-7-vector tumor formation in the absence of estrogen is consistent with previously published studies [36] . To further validate the mechanism of MEK5 mediated hormone independent tumorigenesis, tumors from the initial mouse study ( Figure 1C ) with estrogen treated animals were processed for H&E and IHC staining for ER-a and PgR expression (Fig. 4B) . Results demonstrate a loss of ER-a expression along with a loss of estrogen-stimulated PgR expression in the MCF-7-MEK5 tumors compared to MCF-7-vector. MEK5 expressing tumors also displayed increased cellularity of H&E sections compared to MCF-7-vector tumors (Fig. 4B) . These findings further suggest a role for MEK5 in progression to an ER-a (2) and hormoneindependent phenotype.
Knockdown of ERK5 Reverses Hormone Independence and Restores ER-a expression
To confirm a role for the MEK5-ERK5 signaling pathway in the hormone independent phenotype of MEK5 overexpressing cells, shRNA ERK5 or vector constructs were stably transfected into MCF-7-MEK5 cells. Significant downregulation of ERK5 was observed in MCF-7-MEK5-ERK5-shRNA transfected cells compared to empty-shRNA vector ( Fig. 5A and 5B). In vivo experiments further validated that ERK5 was essential for the increased tumor growth found in our previous in vivo experiments, as the ability of MEK5 expression to enhance tumor formation in immuno-compromised mice was suppressed by RNAi-mediated ablation of ERK5 (Fig. 5C) .
We next used shRNA-targeted to ERK5 to investigate whether suppression of ERK5 signaling drives the loss of ER-a expression. MCF-7-vector, MCF-7-MEK5-(shRNA-empty) and MCF-7-MEK5-ERK5-shRNA cells were analyzed using RT-PCR and Western Blot for expression of ER-a. These data show that in the MEK5 overexpressing cells, ER-a is downregulated at both the mRNA (Fig. 5D) and protein (Fig. 5E ) levels. Conversely, blockade of ERK5 by shRNA-ERK5 restored ER-a expression. Interest- (Fig. 5D-E) .
We next sought to investigate the mechanism of MEK5 mediated ER-a suppression. The above microarray findings revealed an inverse correlation between AP2 gamma (c) and MEK5 expression, with MCF-7-MEK5 cells exhibiting markedly decreased AP2c transcription compared to MCF-7-vector ( Table 2 ). The transcription factor AP2c regulates expression of ER and is known to increase expression ER-a and decrease expression of ER-b [45] [46] [47] [48] [49] [50] . Therefore, we investigated whether there was an association between MEK5-ERK5 signaling pathway and AP2c expression. As seen in Figure 5 , we demonstrate an inverse correlation between ERK5 expression and the transcription factor AP2c at both the mRNA (Fig. 5D) and protein (Fig. 5E ) levels. This decrease in AP2c expression in MCF-7-MEK5 cells is consistent with the above microarray analysis (Table 2) . shRNA knockdown of ERK5 reversed the AP2c suppression and restored ER-a expression in the MEK5 overexpressing cells (Figure 5D-E) . Taken together, these results suggest that AP2c may be involved in MEK5 mediated ER-a suppression.
To better understand the correlation between MEK5 induced repression of ER-a in the MCF-7 breast cancer cell line we next transiently overexpressed the AP2c transcription factor in the MCF-7-MEK5 cell line and performed qRT-PCR to determine ERa expression levels. While a significant increase in expression of AP2c was observed in MCF-7-MEK5 cells transiently transfected with AP2c there was no observed increase in ER-a gene expression ( Figure S4A ) despite an increase in AP2c ( Figure  S4B ). This data suggests that while MEK5 may alter AP2c gene expression, there is no significant correlation between AP2c and ER-a expression in this cell line.
Discussion
While recent evidence indicates a role for MAPK signaling in cancer oncogenesis and metastasis, the role of the MEK5-ERK5 pathway in breast cancer progression remains poorly understood. Currently, there is little data on the activation status of the MEK5-ERK5 pathway among breast cancer patients [13] . In this study we show clinical relevance of the MEK5-ERK5 signaling pathway through measurement of activated ERK5 in clinical tumor samples. We demonstrate activated ERK5 in 76.9% of breast biopsy samples as well as differences in pERK5 levels across breast cancer cell lines. Interestingly, ERK5 correlated with decreased ER-a protein expression in these breast cancer cells. Recent evidence suggests that MAPKs, namely ERK1/2, may regulate ER-a expression [8, 9, 10] . To our knowledge, this connection between ERK5 and ER-a expression has yet to be described in the literature.
We further elucidated the relationship between MEK5-ERK5 signaling and the ER regulated pathways. Expression of MEK5 suppressed ER-a, but not ER-b protein levels, and abrogated downstream ERE transcriptional activity and E2 induced gene transcription. ER-a expression in MCF-7-MEK5 cells could be restored using shRNA knockdown of ERK5. MEK5 mediated ER-a suppression conferred resistance to the endocrine therapies fulvestrant and tamoxifen in vitro and promoted hormone independent tumor growth in vivo. This is the first study to link MEK5-ERK5 signaling with ER expression and endocrine therapy resistance. As seen in Figure 6 , we propose a model for MEK5/ERK5 signaling crosstalk with ER-a signaling to give rise to endocrine resistance and increased EMT. Through global gene expression profiling, we demonstrated MEK5 expression not only abrogated ER-a signaling, but also enhanced alternative mitogenic and survival signaling pathways to promote tumor growth. Pathway analysis of MEK5 cells revealed increased activation of ER independent growth signaling pathways, including MAPK, ERBB and PI3K-AKT, which may contribute to the hormone independent tumor growth of these cells.
There are several potential mechanisms for MEK5-induced repression of ER-a including regulation of downstream transcription factors. We found increased expression of the transcription factor TWIST1, which is known to decrease protein levels of ER-a in order to promote endocrine therapy resistance [51] . MEK5 cells also exhibited increased NF-kB mediated gene expression (data not shown), which is associated with the loss of ER-a and increased hormone independent survival [52] . The MEK5-ERK5 pathway is less understood than other MAPK pathways and the downstream targets of MEK5-ERK5 may not be fully identified.
Pathway analysis of our microarray data further revealed enhanced EMT-associated gene changes associated with MEK5. We and others have reported increased expression of MEK5-ERK5 in mesenchymal breast cancer cells, however, the mechanism of this correlation has yet to be determined [34] . Here, we identified several markers involved in MEK-induced EMT-associated gene changes, including increased expression of the ZEB family of zinc proteins and the TWIST1, SNAI1 and SNAI2 transcription factors. ZEB1/2 and SNAIs are known to alter E-cadherin mediated cellular adhesion whereas TWIST1 increases tumor seeding resulting in distant metastases [53, 54] . The EMT gene expression changes associated with MEK5 identified in this study corroborate previously published findings of MEK5 induced progression of breast cancer to a mesenchymal phenotype.
Taken together, the findings presented here provide new insight into the signaling mechanisms that regulation progression of breast cancer to hormone independence. Our data demonstrate a critical role for MEK5-ERK5 signaling in the progression to a hormone independent and EMT phenotype of breast carcinoma. Further studies are needed to better our understanding of the potential activators of MEK5-ERK5 and subsequent downstream signaling. However, our findings demonstrate the clinical relevance and therapeutic potential of targeting the MEK5-ERK5 pathway in the treatment of endocrine resistant breast cancer. Author Contributions
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